The inverted repeated sequences (foidback DNA) of yeast nuclear. DNA have been examined by electron microscopy and hydroxyapatite chromatography. Of the inverted repeat structures seen in the electron microscope, 3*% were hairpins and 66% had a singJe stranded loop at the end of a duplex stem. The number average length of the repeat was 0.3 kb and the single stranded loop was 1.6 kb. It is estimated that there are approximately 250 inverted repeats per haploid genome. A statistical analysis of the frequency of molecules containing multiple inverted repeats showed that these sequences are non-randomly distributed. The distribution of inverted repeats was also examined by measuring the fraction of total DNA in the foidback fraction that bound to hydroxyapatite as a function of single strand fragment size. This analysis also indicated that the inverted repeats are clustered. Renaturation kinetic analysis of isolated foidback and inverted repeat stem sequence DNA showed that these sequences are enriched for repetitive DNA.
INTRODUCTION
Inverted repeated sequences have been described in a number of eukaryotic genomes (1, 2, 3, 4, 5) . These sequences are characterized by reannealing with rapid, concentration independent kinetics following denaturation and incubation in renaturing conditions. This fraction of DNA can be observed in the electron microscope as single stranded molecules with an intramolecular duplex segment, or can be isolated by hydroxyapatite chromatography. It is often referred to as foidback DNA (6) . In mouse and Physarum these sequences have been found to be non-randomly distributed (3,**), while in Drosophila the foidback sequences are randomly distributed (2) . Inverted repeated sequences have also been identified in the E. coli chromosomal DNA (7, 8) , bacterial plasmids and episomes (for a review see 9) , and animal viruses (10, 11, 12) .
One class of inverted repeated sequences, the insertion sequences or IS sequences of E. coli have been shown to be involved in the transfer of antibiotic resistance factors and in the integration and excision of F, F' and R episomes (13,1^,15,16) . The IS sequences have also been found to be hotspots for recA independent recombination in F and R plasmids (17, 18, 19, 20, 21) .
The role of inverted repeated sequences in the eukaryotic genomes is unknown. Two types of inverted repeated sequences have already been described in yeast. The first is an inverted repeated sequence present in the 2 ym DNA plasmid (22, 23, 24, 25) . This sequence appears to be the site for an intramolecular recombination event, resulting in two different orientations of the plasmid. The second is a series of sequences called delta (6) sequences (26) . These sequences occur in both direct and inverted repetition. There are some suggestions that the 6 sequences are involved in the deletion and translocation of genetic material in yeast (26, 27, 28) .
This paper reports the description of the inverted repeated sequences in yeast nuclear DNA by electron microscopy and hydroxyapatite chromatography. These sequences on the average are small, about 0.3 kilobases (kb) in length. Both types of analysis show that these sequences are non-randomly distributed throughout the genome. Renaturation kinetic studies show that the inverted repeats and adjacent sequences are enriched in repetitive DNA. The possible identity of these inverted repeats with the 6 and Tyl sequences of yeast (26) is considered.
MATERIALS AND METHODS
Strains and cell growth S. cerevisiae strain X322, provided by G. Simchen, was used for electron microscope experiments. The cells were grown at 30°C to stationary phase in YM-1 medium (29) supplemented with 40 ug/ml adenine and 10 pCi/ml [6-H] uracil (New England Nuclear).
For the hydroxyapatite experiments, S. cerevisiae strain 1L, a petite lacking mitochondrial DNA (Whitney, personal communication) was used. Unlabeled DNA was isolated from cells grown at 23°C to stationary phase in YEP supplemented with 40 u g/ml each of adenine and uracil. P-labeled DNA was isolated from 1L cells grown at 23 C to stationary phase in phosphate-free medium (30) supplemented with 40 ug/ml each adenine and uracil. H-labeled cells were grown to stationary phase in YM-5 (29) supplemented with 40 ug/ml uracil, 6 ug/ml adenine, and 1 uCi/ml [6-H]-adenine (specific activity 824 Ci/mmol; New England Nuclear). DNA preparation for electron microscopy Cells were converted to spheroplasts with glusulase according to Klein and Byers (31) . Spheroplasts in 1 M sorbitol-25 mM sodium citrate-phosphate-10 mM EDTA (pH 5.9) were lysed over a 0.1 ml layer of 5% Sarkosyl on top of a 4.8 ml linear 15 to 30% sucrose gradient containing 1 M NaCl-10 mM EDTA-10 mM Tris (pH 8.0). Centrifugation was performed at 5°C in a Spinco 50L rotor at 35,000 rpm for 3.5 hr. Fractions were collected and analyzed for DNA content as described (31) .
Electron microscopy
Foldback molecules were prepared according to Cech and Hearst (3) . DNA samples in 50 mM sodium phosphate buffer (pH 6.9) were denatured by incubation in 0.11 M NaOH for 5 min at 37°C followed by an additional 5 min at room temperature. The solution was then adjusted to pH 8.5 and made 100 mM Tris, 10 mM EDTA, and adjusted to 0.18 ionic strength (y) with a 430 mM NaCl-100 mM EDTA-420 mM Tris-HC1 pH 8.5 solution. The renaturation temperature was made equivalent to 55 C by the addition of an equal volume of formamide (recrystallized from Matheson, Coleman and Bell, 99% pure). Renaturation was carried out to a Cot of 5 x 10 . Aiter renaturation, the hyperphase was diluted in 5096 formamide-50 mM Tris (pH 8.5) and cytochrome C (horse heart type VI, Sigma) was added to 80 ug/ml. The hyperphase was spread onto a hypophase of 20% formamide-5 mM Tris (pH 8.5). Grids were stained with uranyl acetate and then rotary shadowed with Pt-Pd (80:20). Grids were examined in a Philips 300 electron microscope. Contour lengths were measured with a Graf/Pen model GP-3 digitizer connected to a Hewlett-Packard calculator. The measured lengths were calibrated with 0X174 single strand circles of molecular length of 5.25 kilobases (kb) and T4 linear duplexes of molecular length 37.9 kb pairs. Isolation of DNA for kinetic analysis DNA was isolated by a modification of the method of Bernardi (32) . Cells were disrupted with glass beads in a Braun homogenizer in 0.2 M Tris-HCl (pH 8)-0.01 M EDTA-15% sucrose. The lysate was made 1 M in NaCl and 0.1% in SDS, and extracted twice with an equal volume of chloroform:isoamyl alcohol (50:1). The final aqueous phase was ethanol precipitated, the nucleic acid pelleted by centrifugation. Following resuspension in 0.01 M Tris-HCl (pH 8)-2 mM EDTA, the DNA was treated with RNAse, pronase, and amylase. The enzyme-treated solution was extracted twice with chloroform phenohisoamyl alcohol (50:50:1) and the DNA ethanol precipitated from the final aqueous phase. Following centrifugation and resuspension of the nucleic acid, the DNA was sheared to a single strand fragment length of 5-6 kb by passage through a 27 gauge needle. Contaminating RNA was removed by hydroxyapatite chromatography. The DNA containing fractions were pooled, dialyzed against 0.01 M Tris-HCl (pH 8) -0.15M NaCl-5mM EDTA, and sedimented to equilibrium in CsCl. Fractions containing DNA were pooled and dialyzed against several changes of 0.12 M phosphate buffer (PB).
Renaturation kinetics
Aliquots of labeled yeast DNA in 0.12 M PB were sealed in sterile disposable glass microsampling pipettes (Corning) by melting the ends of the pipettes. The sealed pipettes were placed in a boiling water bath for 7-8 min to denature the DNA, then transferred to a 60 C bath for renaturation. At appropriate intervals, samples were diluted into 1 ml ice cold 0.12 M PB. Samples taken from the bath and immediately diluted were considered zero time points for renaturations.
The percent double stranded DNA in each sample was assayed by hydroxyapatite chromatography according to Britten et al. (6) . Fractionations were carried out in 0.15 ml bed volume columns equilibrated in 0.12 M PB at 60°C. Renaturation samples were quickly heated to 60°C and loaded onto the columns. The single stranded flow-through and 0.12 M PB washes were collected into a scintillation vial, and the double stranded fraction eluted into a second scintillation vial. Samples were then counted in Aquasol.
Isolation of foldback DNA.
P-labeled DNA of single strand fragment length 5-6 kb was diluted into 0.12 M PB at a concentration of less than 1 jjg/ml. The DNA was denatured by immersion in a boiling water bath, chilled to 0°C, reheated to 60°C, and passed through a number of 0.3 ml bed volume hydroxyapatite columns equilibrated at 60°C in 0.12 M PB. Single stranded DNA was eluted with 3 x 2 ml washes of 0.12 M PB, and the foldback fraction eluted with 1 x 2 ml and 2 x 1 ml washes of 0.5 M PB. Aliquots of the load, 0.12 M, and 0.5 M PB washes were spotted on Whatmann 3 MM filter paper discs for counting. The effective Cot values for this fractionation were 1-1. 5 x 10" . Time for reheating the residence time on columns was included in renaturation time in calculating the Cot value. To be certain that the foldback DNA was not contaminated with rapidly renaturing (non-inverted repeat) DNA sequences, a second cycle of purification was carried out. The foldback DNA isolated in the first fractionation was diluted to 0.12 M PB by addition of water, heat denatured, quickchilled, and carrier DNA added. The DNA was heated to 60°C and passed over hydroxyapatite columns as above. The effective Cot values for this second cycle of purification were at least ten-fold lower than in the first cycle. The foldback DNA isolated in this way made up slightly more than 2% of the total nuclear DNA.
Shearing of foldback and inverted repeat stem DNA. Foldback and inverted repeat stem DNA isolated from fragments of yeast DNA with an average single strand fragment length of 5-6 kb was sheared to smaller fragment lengths for use in renaturation experiments. DNA fragments of 0.4-0.7 kb were obtained by passing the DNA solution in 0.12 M PB three times through a French pressure cell at 12000 PSI. Fragments of single strand length 0.35 kb were prepared by sonication. Each sample was made 0.2 M in sodium acetate and the volume adjusted to 1 ml. The solutions were sonicated for 5 min at 120 watts. Following sonication, the DNA was passed over a Chelex-100 column and in 0.2 M sodium acetate and ethanol precipitated, and resuspended in 0.01 M Tris-HCl (pH 8)-5 mM EDTA.
Determination of DNA single strand fragment length. Weight average single strand fragment length of the sheared DNA was determined by zone sedimentation through 5-20% alkaline sucrose gradients (0.1 M NaOH, 0.9 M Nad). Centrifugation was in a Beckman 50 L rotor at <I O C for 6 to 16 hr at 33,000 rpm. Intact T<f bacteriophage or French pressure cell-sheared salmon sperm DNA was used as molecular weight marker. Gradient fractions were neutralized, TCA precipitated, and counted as described in figure legends.
RESULTS

Electron microscopic analysis of inverted repeated sequences
Inverted repeated sequences can be visualized in the electron microscope as duplex branches from a single stranded molecule. A schematic representation of such a molecule is shown in Figure 1 . This molecule contains the sequence be and its complement b'c' repeated in reverse orientation. The duplex region formed by denaturation and reassociation of the repeated sequences on the same strand is referred to as the stem. When these sequences are separated by an interstitial nonrepeated sequence d, the duplex stem has a single stranded loop at one end. Inverted repeated sequences lacking sequence d form duplex structures called hairpins.
To examine the inverted repeated or foldback sequences of yeast DNA, high molecular weight nuclear DNA was isolated from vegetatively grown cells. The DNA (33, 34) . After renaturation, the DNA was spread and examined in the electron microscope.
The number average length of the single stranded fragments examined was 23 kb.
The 2 urn plasm id DNA, which has an inverted repeat of 0.64 kb (22) 
was denatured, brieff \ ly renatured in 50% formamide, and .
' spread for electron , . microscopy.
A collection of small in-*-verted repeats, visu-*" alized as duplex seg- between single stranded DNA to form apparent duplex segments is about 0.075 kb. Apparent duplex regions less than this length were not scored as inverted repeats. Of the foldback structures observed, 3*% did not contain a visible single stranded loop, Again, the limit of resolution of single stranded loops in the electron microscope is 0.050 to 0.075 kb, so that turnaround loops smaller than this size were not scored. The distributions of stem and loop lengths are shown in Figure 4 . The number average length of the stems was 0.3 kb and of the loops was 1.6 kb. Although the distribution of the stem lengths was not as broad as the loop lengths, a few very large stem lengths at 3.9 kb and 5.4 kb were observed. Calculations of the frequency of these large repeats suggests that the 3.9 kb inverted repeat is present one to three times per 
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genome, while the 5A kb inverted repeat is present one to four times per genome. Both the length and the copy number of the 5A kb inverted repeat suggest that it is identical with the Tyl sequence. Thirty-three percent of the molecules examined were found to contain at least one inverted repeat, and 27% of the molecules that contained an inverted repeat had more than one such structure. The distribution of molecules with multiple inverted repeats is shown in Table 1 . These data can be used to calculate the average center to center spacing of inverted repeat pairs (2) . If the inverted repeats were randomly distributed in the yeast genome, they would occur at an average spacing of 66 kb. This value is larger than the size of the fragments used for this analysis. Clearly, then, the model of random distribution is not correct. Statistical analysis of the frequency of molecules containing multiple inverted repeats indicate that these structures are clustered in the genome. That is, there are many more examples of molecules containing more than one inverted repeat pair than expected if the inverted repeats were randomly distributed along the genome.
Two hundred eighty-one molecules of average length of 23 kb were photographed and measured. A totai of 120 inverted repeats were observed in this 1.6 x 10 kb of DNA. Assuming a haploid genome size of 1.35 x 10 kb (35) and that the DNA fragments examined are a random sample of the total nuclear DNA, we calculate that there are approximately 250 inverted repeat sequences per genome. Characterization of inverted repeats by hydroxyapatite chromatoRraphy Inverted repeated sequences are detected by rapid concentration-independent kinetics of reassociation following denaturation and incubation in renaturing conditions. The fraction of foldback DNA that is retained on hydroxyapatite as a function of DNA chain length has been shown to reflect the distribution of inverted repeated sequences 32 along the DNA (1). High molecular weight P-labeled yeast DNA was isolated as described in MATERIALS AND METHODS and sheared by passage through a French press or through needles of various gauges to single strand fragment lengths of 0.5 kb to 40 kb. Single strand fragment lengths were determined by zone sedimentation through alkaline sucrose gradients. The fragments were denatured by heat or alkali and renatured to Cot values of 10" to 10" mole 1" sec. Repetitive DNA in yeast does not begin to renature until Cot 10" mole 1" sec (33, 34, 36) . After renaturation the DNA was passed over hydroxyapatite and the percent DNA in the foldback fraction determined.
The percent DNA in foldback as a function of single strand fragment length and Cot of renaturation is shown in Table 2 . The amount of DNA in the foldback fraction increased from about 2% at 0.5 kb to 8% at 45 kb. It can be seen that the percent foldback is independent of Cot over a ten-fold range. This is characteristic of intramolecular renaturation events. The data in Table 2 show that the percent of DNA in foldback does not increase proportionately to the single strand fragment length, suggesting that the inverted repeated sequences are not randomly spaced, but rather are clustered in a few percent of the yeast genome.
The percent DNA in foldback at a given fragment length can be used to estimate the number of inverted repeats per genome. At a fragment length of 0.5 kb about 2% of the DNA contains a foldback duplex that binds hydroxyapatite. The haploid nuclear 
genome is made up of 1.35 x 10* kb (35), or about 2.5 x 10* fragments of 0.5 kb each. If 2% of these fragments bind hydroxyapatite because they contain an inverted repeat, there are about 500 inverted repeats in the genome. Similar calculations for the 20 kb foldback fraction indicate that there are about 30 inverted repeat sequences per genome. This apparent increase in the estimated number of inverted repeats as the DNA fragment size decreases is further evidence for clustering of these structures. Multiple inverted repeats which are closely spaced on a longer fragment are scored as only one inverted repeat. The individual inverted repeat pairs of each cluster are not scored until the fragment size becomes small enough to separate the individual members of a cluster.
The binding of this small fraction of DNA to hydroxyapatite is specific to the formation of duplex regions and does not represent non-specific binding of a random fraction of the DNA. Less than 1% of TO DNA was retained by the column under the conditions used to isolate yeast foldback sequences. Secondly, the percent foldback of yeast DNA remained constant in the presence or absence of a forty-fold excess of unlabeled calf thymus carrier DNA. Repassage experiments showed that less than 0.6% of a 0.5 kb single stranded fraction bound when passed over a second column while all of the foldback DNA was retained. In addition, RNAse treatment in low salt conditions to digest double stranded RNA prior to passage over hydroxyapatite did not affect the yield of yeast DNA in the foldback fraction.
The thermal stability of the foldback DNA was examined for the foldback fractions from single stranded DNA fragment lengths of 0.0-0.7 kb and 00 kb. The foldback fraction was isolated by hydroxyapatite chromatography as described in MATERIALS AND METHODS and readsorbed to a new hydroxyapatite column. The temperature of the column was raised in 5 C increments, equilibrated, and the DNA melted at that temperature eluted with 0.12 M phosphate buffer. The results are shown in Figure 5 Figure 5 . Thermal denaturation profiles of yeast foldback DNA isolated from DNA fragments of 0.5 and W kb in length. Foldback was isolated as described in MATERIALS AND METHODS by alkali denaturation of DNA and renaturation at 60 C for 10 min.^Concentration of DNA in renaturation mixes was 0.21 pg/ml and final Cot was 9 x 10" . Partially renatured solutions were passed through hydroxyapatite columns equilibrated at 60 C in 0.12 M PB, and the single strand and foldback fractions collected. The foldback fractions were diluted from elution concentration of 0.5 M PB to 0.12 M PB by addition of sterile water, heated to 60 C, and loaded onto a hydroxyapatite column poured in a jacketed glass column. The DNA was eluted at a series of temperatures as described in MATERIALS AND METHODS. A 0.5 M PB was used to elute any DNA bound to the column at 90 C. The percent DNA eluting at each temperature was plotted versus the temperature. Symbols: A , 0.5 kb foldback DNA; O, W kb foldback DNA. (34, 35) . In contrast, about 20% of the foldback fraction from the W kb fragments did not rebind. In addition, this foldback fraction contained a substantial amount of material that eluted at low temperatures. This behavior of foldback DNA isolated from large single stranded DNA fragments has also been observed with Drosophila DNA (2). Kinetic components in and around the inverted repeats Renaturation analysis was used to determine whether the inverted repeat sequences and the adjacent DNA included single copy or repetitive sequences. Foldback DNA, which includes both the inverted repeat stem and the flanking sequences, was isolated from 5-6 kb long single stranded DNA fragments by 2 cycles of hydroxyapatite chromatography as described in MATERIALS AND METHODS. The foldback DNA was then sheared to smaller fragment sizes (0.3-O.4 kb) for use in reassociation experiments. This foldback fraction consistently made up a little over 2% of the total nuclear DNA. The inverted repeat stem sequences themselves were isolated by renaturing total yeast DNA (5-6 kb single strand fragment length) to low Cot, then digesting the single stranded regions with SI nuclease. Double stranded DNA was separated from the digestion products by hydroxyapatite and Sephadex chromatography. The purified stem sequence DNA, which made up 4.2% of the total DNA, was then sheared by sonication to a single strand fragment length of 0.33 kb for use in renaturation experiments.
Two types of renaturation experiments were carried out. First, the foldback and stem sequence DNA were renatured with an excess of total yeast DNA driver to determine the copy number of these DNA fractions. Second, the foldback and stem DNA preparations were renatured without total DNA added to determine their sequence complexities. Frequency classes of foldback and stem DNA The kinetics of renaturation of foldback and stem DNA with excess total DNA driver are shown in Figure 6 . The lines drawn through the data are theoretical curves, derived by least squares fit, for the second order reassociation of DNA of the sequence composition shown in Table 3 . These data indicate that total yeast DNA contains about 11% repetitive sequences which are present in about 250 copies per genome. Schweizer et al. (37) estimate from hybridization experiments that there are about 140 ribosomal cistrons in yeast, making up about 10% of the total DNA. Yeast cells also contain a 2 u m plasmid which makes up about 2% of the total DNA and is present in 35 copies per haploid genome (23) . These repetitive DNA sequences probably account for most of the rapidly renaturing component in the total DNA in Figure 6 , although other repeated sequences which comprise only a few percent of the DNA cannot be ruled out. Figure 6 also shows that foldback DNA renatures much faster than total DNA, such that over 50% was renatured by a Cot of 1.0. The sequences in foldback DNA occur in a broad range of copy numbers, from only a few copies to several hundred copies per haploid genome. The Cot Vi values, and copy number for the three frequency classes of foldback DNA, calculated from a least squares fit of the renaturation data, are shown in Table 3 . Foldback DNA is clearly enriched for repetitive DNA sequences. About 15% of this DNA is made up of sequences which are present in about 500 copies per haploid genome. Another 50% comprises sequences which are present in 14 or more copies. Hybridization data (34) show that none of this foldback is ribosomal DNA. However, the 2 ym plasmid, which contains an inverted repeat sequence (22, 23, 24, 25) , probably contributes to this foldback fraction, but cannot account for all of it. Plasmid Cot mol« Figure 6 . Renaturation kinetics of tracer amounts of P-labeled total, foldback, and stem DNA with 2000x excess of H-labeled total DNA. Reaction mixtures were prepared at two driver DNA concentrations to allow accurate determination of renaturation kinetics at both low and high Cot values. Mixes contained the following DNAs in 0.12 M PB: 1) Total DNA, 0.069 pg/ml P-labeled total DNA, ancLaither 30.5 or 204 yg/ml H-labeled total DNA; 2) Foldback DNA, 0.059 yg/ml P-labeled fAldback DNA, and either 30.5 or 143 ug/ml H-totalJDNA; 3) Stem D$A, 0.016 pg/ml J/ P-labeled stem DNA, and either 30.5 or 3 143 yg/ml J H-total DNA. JZ P-labeled DNA, specific activity 1.2 x 10 cpm/ yg, and H-total DNA was prepared by the method of Bernardi (32) and had a specific activity of 2000 cpm/ug. Each renaturation mix was divided into 8 aliquots, each of which was sealed into a glass capillary. DNA was denatured by placing the capillaries in a boiling water bath, and samples were moved to a 60 C bath for renaturation. Following renaturation for 3-2500 min, samples were diluted into 1 ml cold 0.12 M PB, and the percent DNA in hybrid assayed by HAP chromatography as described in MATERIALS AND METHODS. Shear size of DNAs was 0.75 kb for J H-total DNA, 0.11 kb for ^ P-total DNA, 0.36 kb for foldback DNA, and 0.33 kb for stem DNA. Kinetics were corrected for differences jn rate due to differences in fragment length by applying the relationship Cot ft 1/1 , and using the Cot ft of total yeast DNA at 0.75 kb as 6. Percent DNA in hybrid at each Cot value was corrected for zero time binding by subtracting the percent, DNA in duplex at,0. min of renaturation from each duplex fr^rtion. Symbols: • , •, H-total DNA; O, P-total DNA; A, J/ P-foldback DNA;D, P-stem DNA.
DNA is most likely represented by the kinetic component that renatures with Cot ft = 3.2 x 10" , the expected value for renaturation of plasm id in the presence of total DNA driver. The remaining foldback DNA is made up of single copy sequences and sequences which are more repetitive than the plasmid DNA. Thus, all frequency components of the yeast genome are included in the inverted repeat stems, loops, and the flanking Table 3 describe the kinetics of renaturation of the Sl-nuclease resistant stem sequences with total DNA driver. This DNA contains sequences which are present in a broad range of copy numbers, from only a few to several hundred per haploid genome, and is even more enriched for repetitive sequences than foldback DNA. Almost half of this DNA is made up of sequences which are present in about 700 copies per haploid genome (Table 3 ). It is likely that these repetitive sequences are the same ones which make up the most rapidly renaturing component of foldback DNA. Hybridization data (3*) show that approximately 25% of the SI nuclease resistant DNA preparation used in these experiments was ribosomal DNA, present due to intermolecular reassociation during preparation. In addition, we expect the 2 pm plasmid to make up most of the kinetic component with Cot ft = 6.7 x 10" . The remaining DNA renatures too fast to be either ribosomal or 2 p m DNA, and must represent some other repetitive sequence. Sequence complexity of foldback and stem DNA Renaturation kinetics of the foldback and stem sequences were measured in the absence of excess total driver DNA to determine the sequence complexity of these DNA fractions. Figure 7 shows that at least half the foldback DNA renatures much faster than total DNA, and is therefore made up of a subset of the total yeast genome. The Cot ft values and sequence complexity of each kinetic component are indicated in Table  t . The middle component (Cot ft = 2.3 x 10" ) is probably 2 pm plasmid DNA, as discussed above. About <fO% of the foldback DNA renatures with a Cot ft = 1.8 x 10" and has a sequence complexity of 1.3 x 10 daitons. This value is about 1000 times less than the sequence complexity expected if this DNA fraction were all single copy sequences. Thus, some sequences in foldback DNA are present in about 1000 copies per genome. If most of the approximately 500 small inverted repeats are included in this foldback DNA fraction, then there are at most 2-3 different sequences included in the inverted repeats. The renaturation kinetics of stem DNA without total DNA driver are also shown in Figure 7 . The Cot Yi values and sequence complexities of each theoretical component are shown in Table ' ». The stem DNA preparation renatures much faster than either, total or foldback DNA preparations, and therefore has a lower sequence complexity. Hybridization data show that 25% of this DNA preparation is ribosomal DNA, which is expected to renature with a Cot ¥i -5.6 x 10" in the presence of 75% other sequences. The 2 pm plasmid inverted repeats would renature with a Cot ft = 8 x 10 if they made up all of the remaining 75% of the preparation, and more slowly if other sequences were present. Figure 7 shows that at least half of the stem DNA renatures faster than either of these two DNAs, and must represent sequences with a lower complexity.
The observed complexity of the rapidly renaturing component of the stem DNA is about \A x 10 daltons. Electron microscopy and hydroxyapatite binding studies indicate that yeast nuclear DNA contains approximately 350 inverted repeat pairs of average length 0.075 kb, and 25 pairs of average length 0.3 kb or longer. The complexity of these inverted repeats would be 2.3 x 10 daltons if each inverted repeat pair were different. The complexity of the inverted repeat stem sequences calculated from the renaturation data is about 1000 times less than this, indicating that the inverted repeat sequences are not unique, but occur in 1000 or more copies per haploid genome.
DISCUSSION
The inverted repeats of the yeast genome were examined by electron microscopy and hydroxyapatite chromatography for size, distribution in the genome and sequence composition. Electron microscopic examination of foldback DNA showed that the number average size of the duplex repeat length was 0.3 kb. It is estimated that there are 250 inverted repeats per genome that can be detected by electron microscopy. Applying the Poisson distribution to the frequency of molecules containing multiple inverted repeats showed that these sequences are non-randomly spaced in the genome.
The distribution of inverted repeats was also examined by measuring the fraction of total DNA in the foldback fraction as a function of single strand fragment size. At 0.4-0.7 kb 2% of the DNA was observed to bind to hydroxyapatite (Table 2 ). This fraction increased to 6-8% at 20-f0 kb ( Table 2 ). The fact that the percent DNA foldback did not increase proportionately to the single strand fragment length is further evidence that the inverted repeats are clustered.
Estimates of the number of inverted repeats in the yeast genome, calculated from the percent DNA that binds hydroxyapatite as foldback DNA at different fragment lengths, vary from 500 inverted repeats per genome at a single strand fragment length of 0.5 kb to 30 inverted repeats per genome at 20 kb. The apparent increase in the number of total inverted repeats as the DNA is sheared to smaller fragment lengths can be partially explained by clustering of the inverted repeats. Each single stranded fragment which binds hydroxyapatite is assumed to contain only one inverted repeat. The individual members of each cluster of inverted repeats are not detected until the fragment length becomes small enough to separate the pairs in the cluster.
There is some discrepancy between the number of inverted repeats per genome calculated from data obtained by electron microscopy and that obtained from the hydroxyapatite binding studies. At small fragment sizes (0.5 kb) the number of inverted repeats detected by hydroxyapatite binding was 500, twice the number seen in the electron microscope. This is probably due to the presence of many inverted repeats which are too small to be resolved by the electron microscope (0.075 kb) but which bind to hydroxyapatite and are included in the foldback fraction.
The sequence composition of foldback DNA was determined by renaturation kinetic analysis of isolated foldback and inverted repeat stem sequence DNA in the presence and absence of excess total nuclear DNA. These experiments indicate that the inverted repeat sequences are themselves repetitive sequence elements that are interspersed with single copy DNA. Even when the data are corrected for the presence of 2 pm DNA, known to contain an inverted repeat (22,23,2^,25) and the repetitive rDNA sequences, it is clear that the foldback and stem fractions are enriched for repetitive sequence DNA. The stem sequences are in the most rapidly renaturing fraction, suggesting that these sequences are the repetitive element in the foldback DNA fraction.
The complexity of the foldback and stem sequences was estimated by reassociation kinetics in the absence of excess total nuclear DNA. The complexity of the most rapidly renaturing component of foldback DNA is 1000 times less than the complexity expected if this fraction were composed of single copy DNA. This result suggests that some sequences in foldback DNA are present in multiple copies. A similar analysis with the stem sequences showed that an even higher proportion of this fraction had a complexity 1000 times less than single copy DNA. Comparison of the copy numbers derived from renaturation kinetics with total numbers estimated by electron microscopy and hydroxyapatite binding suggests that there are at most 2-3 different sequences included in the inverted repeated sequences present at the highest copy numbers.
The repeated 0.3 kb 6 sequences of yeast are present at about 100 copies per haploid genome and sometimes occur in an inverted repeat orientation (26) . The relationship of the inverted repeated sequences observed in this study to the <5 repeated sequences is not clear. However, the average size of the inverted repeats observed in the electron microscope in this study of 0.3 kb is remarkably similar to the size of the 6 sequences. It is also of interest to note that both electron microscopy and hydroxyapatite analyses show that the inverted repeats are non-randomly spaced. The 6 sequences of yeast occur both as single sequences and in clusters with several units in inverted orientation (26) . Recent work has suggested that the inverted repeated 6 sequences are involved in the rearrangement of DNA sequences in yeast (26, 27, 28) , when the 6 sequences flank a repeated element called Tyl. The Tyl element is a 5.6 kb repeated sequence that occurs at approximately 35 copies per genome (26) and behaves as a transposable element (28) . Both the 5 and Tyl sequences may represent some of the repeated components of the yeast genome observed in this study.
